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Life depends on proper function of biological macromolecules such as proteins.  However, the application 
of knowledge about proteins and other macromolecules suffers from a lack of understanding of basic 
properties.  This is further evident in the study of enzymes that catalyze chemical reactions.  
Conformational fluctuations between the ground state and one or more intermediate states have emerged as 
a strong candidate for the missing link in the canonical structure-function paradigm.  Such states have 
shown to be important in enzyme function, allosteric signaling, and ligand binding.  These processes are 
difficult to study due to low populations of one or more conformations and their transient nature.  In this 
study, we investigated a locally unfolded (LU), intermediate state in E. coli adenylate kinase (AK).  The 
LU state was stabilized using entropy-enhancing mutations that increase the degeneracy of unfolded 
conformations while maintaining the original ground-state structure.  The population of the LU state was 
tuned to varying degrees, giving access to different equilibrium populations.  Nuclear magnetic resonance 
was used to probe the structural characteristics of the LU state and measure conformational dynamics 
between the ground and LU states.  Chemical shift differences observed directly and inferred from 
dynamics matched one another and are consistent with an LU intermediate conformation for all variants 
studied.  This study directly characterizes a functionally important locally-unfolded, intermediate 
conformation in AK and exemplifies the ability of entropy-enhancing mutations to study unfolded 
conformations in proteins. 
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Chapter 1 – Introduction 
1.1 Proteins, Enzymes, & Temperature 
A common set of macromolecules perform the exquisitely complex set of interactions that 
orchestrate life.  Proteins drive a majority of these interactions: for processing genetic information, for 
utilizing energy and materials from food, for providing cell structure and machinery to make new cells, and 
for transferring information within and between cells.1  Therefore, it is no surprise that much effort has 
gone into studying protein chemistry and biophysics, although, as with all molecular biology, this a 
relatively recent endeavor.  Basic discoveries like the determination that a protein is a linear chain of amino 
acids and that enzymes catalyzing chemical reactions are proteins were not verified until the first quarter of 
the 20th century.2  However, huge advancements in biophysics have been made since.  Some of these 
include the elucidation of complex folds on the nanometer scale or the application of thermodynamics to 
describe stability and quantitative measurements of protein folding.3-6  New methodologies like 
computational simulations, bioinformatics, and experimental techniques like single-molecule experiments 
continue to improve our understanding of proteins.7 
Much of the work in protein biophysics has focused on globular, folded proteins.  This has 
provided organizing principles about many concepts like protein structure, folding, binding and catalysis.8-
11  In general globular proteins fold to form stable, three-dimensional structures encoded by the sequence of 
amino acids.6  Folding is usually two-state and cooperative.  Many proteins have moderate stability due to 
large, competing enthalpies and entropies of folding.  An unstructured, denatured ensemble of 
conformations folds rapidly, with few to no intermediates, to a unique folded conformation.  This 
observation clashed with a theoretical consideration of protein folding, termed Levinthal’s Paradox: if an 
unfolded protein samples all possible conformations as it folds it would take extremely long to reach the 
native folded state.  This paradox was later reconciled with the formation of energy landscape theory and 
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protein folding funnels as models for protein folding.9, 12-14  Proteins populate a Boltzmann distribution of 
conformations based on their free energy.  The unfolded state is unstable and has many different 
conformations.  As local, native structure forms, the conformations accessible to the polypeptide are biased 
towards the native, folded conformation.  The protein is gradually stabilized during this process preventing 
return to the unfolded state further biasing conformational space.  This sequential stabilization process has 
also been observed experimentally in hydrogen-deuterium mass spectrometry experiments that measured 
sequence-specific folding and unfolding of cytochrome C.15-16  These models provide a means to move 
beyond a static, structural view of proteins and investigate conformational dynamics. 
Since the advent of structural biology over fifty years ago, it has been proposed that many proteins 
require movement or conformational flexibility to function.  Many experiments have verified the 
importance of dynamics in dictating different aspects of protein function.17-21  For instance, the ability of 
hemoglobin to cooperatively bind and release oxygen over small changes in concentration depends on 
conformational changes within the protein.22  This phenomenon, termed allostery or action at a distance, 
occurs in many proteins.  Structural interpretations of these phenomena paint a picture of a finely 
engineered system, consisting of specific pathways of interactions.  However, as structural information 
accumulated and protein design became possible it was realized that structure does not fully determine 
function and that phenomena like allostery can be the result of conformational fluctuations.19, 23-25  
Ensemble-based models of proteins that take into account local stability and fluctuations from the ground 
state structure  Intermediates in protein folding have also been observed and seem to involve local 
fluctuations involving unfolding.  Intrinsically disordered proteins, or IDPs, also highlight the importance 
of conformational ensembles and fluctuations between states.  This class of proteins remain unfolded, 
accessing many different conformations, and sometimes fold upon binding with interaction partners.19, 26  
Investigations of fluctuations between conformations has been difficult but is rising as methodologies 




Enzymes illustrate the role of conformational fluctuations in protein function.  In terms of 
transition-state theory the activation energy of a reaction determines the rate.  Fluctuations amongst an 
ensemble of protein conformations are thought play a role in determining the activation energy.  Examples 
of protein motions that affect enzyme function exist but it remains controversial whether conformational 
fluctuations are necessary for function.27-28  Conformational dynamics in enzymes have been theorized to 
be crucial to the chemical reactions that these proteins catalyze; however, some argue that mere 
stabilization of the transition state is sufficient for enzyme function.29-32  A less contentious point is that 
conformational fluctuations can determine the rate-limiting step in catalysis.  Gaps in the basic 
understanding of protein dynamics may be preventing the design of rationally engineered enzymes, which 
have long been a goal yet remain unrealized.33  The limited success of both computational and high 
throughput experimental approaches in designing modified or de novo enzymes highlights the complexity 
underlying enzyme function.34-35  Although only a scaffold stabilizing the transition state may be required 
for catalysis, protein dynamics clearly modulate enzyme activity. 36 
Enzyme temperature adaptation also demonstrates that conformational flexibility contributes to 
function.  Cold-adapted, or psychrophilic, enzymes generally have faster reaction rates and lower binding 
affinities compared to warm-adapted homologues when measured at the same temperature.37-43  These 
effects are due to favorable decreases in enthalpies and unfavorable decreases in entropies of the reaction 
resulting in similar free energies of activation but shallower temperature dependencies.38  The changes in 
energetic parameters are consistent with an expansion of the transition-state ensemble of conformations to 
include low affinity states that require structural rearrangements upon binding.  Additionally, activities of 
warm-adapted enzymes are maximum at or near the melting temperature, losing activity as proteins unfold 
while cold enzymes lose activity at temperatures well below the unfolding transition of the protein.38, 44  
Loss of activity below the global unfolding transition is consistent with lower thermal stability of regions 
where conformational fluctuations are important for catalysis.  Lastly, active sites of homologues are highly 
conserved whereas surface residues and loops commonly differ with many of these mutations appearing to 
increase the conformational entropy.38-40, 43, 45  These examples are consistent with an increase in 
conformational entropy and an expansion of the ensemble of available conformations in cold-adapted 
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proteins.  Such mutations compensate for reduced thermal energy, resulting in increased activity over 
warm-adapted homologues at low temperatures.45 This suggests that changes in the ensemble of available 
conformations are capable of fine-tuning enzyme activity while maintaining the ground state structure and 
exist as an additional feature upon the scaffold of the ground state structure of globular proteins.  
Furthermore, mutations that increase conformational entropy in cold-adapted proteins should maintain the 
native state structure of the protein.  The studies here are an attempt to gain a quantitative understanding of 
the nature of conformational flexibility in proteins and its role in enzyme function. 
1.2 E. coli Adenylate Kinase 
This thesis focuses on conformational fluctuations in the enzyme adenylate kinase (AK) from 
Escherichia coli.  AK is a 23.5 KDa (214 residue) protein made up of three domains as depicted in Figure 
1.1: a central CORE domain (residues 1-27, 73-119, 161-214) and two insertion domains: the AMP binding 
domain (AMPbd residues 28-72) and the LID domain (residues 120-160).  This enzyme is required as it 
catalyzes the reaction 𝐴𝑇𝑃 + 𝐴𝑀𝑃 ⇔ 2 ⋅ 𝐴𝐷𝑃, which maintains energy homeostasis in the cell.  Crystal 
structures have been solved in the presence and absence of the bisubstrate inhibitor AP5A (P1,P5-
di(adenosine-5′) pentaphosphate), showing the LID and AMPbd closing over the active site upon binding.  
From structural analysis, this conformational change is due to rigid body rotation of both insertion domains 
about “hinges” between the “open,” apo form to a “closed,” bound form.46-47 
Many experimental and computational studies have focused on the opening/closing of the LID and 
AMPbd.  The fact that both of these domains close over the active site both in the presence and absence of 
ligand is well established.48-53  In addition to capturing the end states of the opening/closing transition, 
crystal structures have been solved that place the LID domain in between the two states.54-57 Shortly after 
this time-resolved FRET studies found evidence for step-wise, single domain closure in the presence and 
absence of ligand.  Single-molecule FRET later found that AK is in equilibrium between fully open and 
fully closed states even in the apo form and that ligand shifted the equilibrium to the closed form by 
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increasing the closing rate of the LID.58  Single-molecule FRET also found that the closed state of the 
enzyme was accessed in the presence and absence of ligand.  However, computational studies have found 
that closing of both the LID and AMPbd are unstable in the absence of ligand.59-60   Dual-bead single 
molecule tweezers experiments with tethers attached to the LID and AMPbd measured distance changes 
consistent with cooperative closing of the insertion domains upon binding of AP5A.52  In competition 
assays with ATP and ADP the same experiment can resolve single domain closure and extract binding 
affinities for these ligands.  Molecular dynamics studies investigating the effect of different ligands on the 
equilibrium between the open and closed states also found independent closure of single domains upon 
binding.61  Other computational studies have found that opening and closing of the LID and AMPbd is 
cooperative.62-63  However, the opening and closing rates have been found to depend significantly on the 
force field used in molecular dynamics simulations.64  Eximer formation has been observed for pyrene 
molecules attached to each the LID and AMPbd in the presence of ATP, ADP, AMP and AP5A and 
indicate closure of both domains upon binding.65  This study also found that closure was strongest when 
ligand binds simultaneously to both domains as is the case with either AP5A or ADP.  Time-resolved 
FRET and NMR experiments have observed increases in the population of the closed LID in the presence 
of stabilizing osmolyte concomitant with increased binding affinity for ligand.66-67  In a compelling study, 
paramagnetic relaxation enhancement NMR data places multiple residues of the LID domain within 30 
angstroms of the AMPbd in the absence of ligands, which strongly supports closure of both domains.51  The 
native equilibrium between open and closed is not clear since attachment of probes and DNA handles can 
influence the equilibrium in unknown ways.  From the above studies it seems clear that AK is in 
equilibrium between the open and closed conformations in the presence and absence of ligand.  
Furthermore, the closed conformation appears to be less stable and has a higher affinity for ligands. 
Opening of the LID domain is believed to be the rate-limiting step in catalysis.  This mechanism 
was first proposed after the elucidation of both the open and closed structures of the protein and described 
by rigid body motions involving up to 8 hinge points within the protein.47   Many NMR studies have 
investigated conformational dynamics in the presence of different ligands, including AP5A, as well as 
during enzymatic turnover with a mixture of ATP, AMP, or ADP.  Conformational dynamics have been 
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observed for residues in these hinge regions on the order of the catalytic rate of the enzyme.48, 50  
Alternatively, these data could be the result of dynamic binding; ring current shifts, phosphate groups, and 
extensive hydrogen bond networks could all influence the data.68  The hinge regions have also been found 
to be evolutionarily conserved; however, the most conserved residues either interact with AP5A directly or 
stabilize structural elements containing residues that do.  A single mutation that increases catalytic activity 
has been found in a hinge region near the LID domain; however, it also breaks a salt bridge between the 
LID domain (residue E170) and the AMPbd (residue L58).67  This salt bridge, one of many connecting the 
LID and AMPbd domains, has been computationally observed to determine the enthalpic barrier to domain 
opening.55  Experimentally swapping the hinge regions between mesophilic and thermophilic AKs results 
in no change in enzymatic activity. 49  However, swapping the entire LID and AMPbd results in 
thermophilic activity in the mesophilic protein and vice versa, which questions the role of LID domain in 
exclusively determining the catalytic rate.  An investigation into the role of in catalysis found that Mg2+ 
facilitated both phosphoryl transfer and opening of the LID domain due to interaction spanning the active 
site and the LID.54 
An equally valid interpretation of these data are that the dynamics of the AMPbd are rate limiting.  
This is consistent with catalytic data collected in this laboratory (Harry Saavedra, unpublished work).  
Computational work suggested local unfolding as a means to alleviate strain in the closed state of the LID 
and AMPbd, in turn assisting the transition to the open state.69  Of note is the fact that the LID domain is 
evolutionarily expendable, that is many organisms contain indels within the LID region or have nearly no 
LID domain at all.  The variability in the LID domain over evolutionary timescales is not understood, nor 
are the functional consequences of truncating the domain.  Interestingly, the LID domain of some 
thermophilic AKs have been shown to coordinate Zn2+ ions similar to zinc beta-ribbon domains.70  These 
studies show an incomplete picture of the AK mechanism.  Hinge regions may be important in determining 
catalytic activity; however, other regions of the protein, particularly the LID and AMPbd, appear 
responsible for fine-tuning the enzyme.  How this occurs is not evident from the experiments discussed 




1.3 Entropy-enhancing Mutations & AK 
High energy conformations that differ from crystal structures of AK have not been identified.  It 
may be that there are no other accessible states or that populations are too low to observe.  Theoretical 
descriptions of the energetic landscape of proteins predicts the existence of high-energy, disordered states 
that have also been observed in hydrogen-deuterium exchange experiments.16, 71-74  Enzyme evolution 
suggests that increasing conformational entropy can promote these states.  Therefore, an entropy-enhancing 
mutational approach was developed to modulate the equilibrium populations of high-energy, unfolded 
conformations that may be important for tuning enzyme function.  Valine to glycine mutations were made 
at solvent-exposed residues at a distance greater than 8 angstroms from the active site of the enzyme.  
Glycine residues lack a  carbon and therefore have greater phi/psi accessibility.  A valine to glycine 
mutation increases the number of unfolded conformations by about four-fold leading to a stabilization of 
roughly 1 kcal/mol at 25C.75-79  Such mutations mimic the increased flexibility observed in cold adapted 
enzymes while leaving the original ground-state structure largely unaffected.  This is in contrast to common 
mutational strategies that affect internal packing or electrostatic effects.  The two mutations studied here 
are both in the LID domain at positions V135 and V142 as shown in Figure 1.3.  It appears that this 
strategy is limited to probing unfolded states, however, such mutations could stabilize transition state 
ensembles between structured conformations that involve partial unfolding.  This view is in agreement with 
local unfolding as a mechanism to reduce strain or frustration in proteins, which has been proposed to drive 
opening of the LID and AMPbd.69, 80 
Previous work in this laboratory has shown evidence for local unfolding and changes in enzyme 
function upon entropy-enhancing mutations.81-83   LID domain variants showed reduced binding affinity for 
the bisubstrate analog AP5A at higher temperatures.  Nonlinear decreases in binding enthalpy, as seen in 
Figure 1.2 A, were observed at increasing temperature and required a 3-state binding model.  This behavior 
corresponded to an increase in the LU population at higher temperatures as shown by the population 
diagram in Figure 1.2 C.  The enthalpy and heat capacity change of this conformational transition is 
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consistent with local unfolding and match those from theoretical calculations of LID unfolding.  Loss of 
LID peak intensity for V142G at high temperatures in HSQC spectra corroborated this result.  No 
differences between the crystal structures of the V135G variant and WT AK were observed, consistent with 
a preservation of ground state structure.  Furthermore, single LID mutations have no effect on the catalytic 
activity of the enzyme over a wide temperature range as shown in Figure 1.2 B.  This is at odds with the 
determination that LID domain dynamics determine the catalytic rate.  It could be that unfolding does not 
affect LID opening; however this seems unlikely and is inconsistent with computational studies.69  These 
previous results provide strong evidence for local unfolding in the LID domain; however, direct 
observation of the LU conformation and the kinetics of exchange have not been determined. 
1.4 Outline of this Thesis 
This thesis describes the direct characterization of a locally unfolded, intermediate state in 
adenylate kinase using nuclear magnetic resonance spectroscopy.  In the WT protein, this intermediate state 
is experimentally unobservable and has evaded study for the last 20 years.  However, the entropy-
enhancing mutation strategy shifts equilibrium populations from fully folded to locally unfolded, bringing 
intermediate states into focus.  In HSQC experiments the V142G variant remains folded whereas the 
V135G/V142G LID is entirely unfolded.  The V135G variant shows a mixture of both folded and LU 
populations in slow exchange.  Structural characterization of the LU conformation from these variants is 
described in Chapter 2.  Kinetics of this transition were quantified using NMR relaxation dispersion 
experiments.  The V142G and V135G/V142G variants both have skewed populations with only one 
conformation clearly visible.  However, as explained in Chapter 3, both variants show conformational 
dynamics to another state.  A combination of relaxation dispersion and ZZ exchange NMR experiments 
were used to characterize the slow exchange process in the V135G variant as detailed in Chapter 4.  
Furthermore, this chapter explores the nature of the LU transition and attempts to reconcile all of the data in 
the context of two-state and multi-state exchange.  While the quantification of intermediate-state 
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conformations of proteins is relatively new, many studies have used the NMR techniques employed here to 
gain information on such states.36, 84-91  However, rational modulation of populations through an 
enhancement of dynamics has not been achieved previously.  Therefore, in addition to extending the 
knowledge of the conformational landscape of AK and proteins in general this study exemplifies the 
beneficial pairing of entropy-enhancing mutations and NMR experiments to probe dynamics.  This 
mutational strategy should prove to be generally applicable to any protein system with dynamically driven, 
energetically accessible intermediate states, which could prove to be a useful tool at a time when such 





Figure 1.1 Crystal structures of AK 
Open and closed crystal structures of AK (PDB 4AKE & 1AKE) with the LID 
domain in green, AMPbd in orange, and CORE in blue, showing large conformational 
change upon binding of the bisubstrate inhibitor AP5A.47, 92  The positions of entropy-






Figure 1.2 Binding,  Catalysis, and Thermodynamics of AK Variants 
A.  Apparent enthalpy of binding from ITC experiments of variants with the 
bisubstrate analog AP5A.  The nonlinear increase in negative enthalpy at high 
temperatures is due to the contribution of increasing population of locally unfolded 
molecules.  The double variant had no discernable folded population even at low 
temperatures.  B.  Catalytic activity for the reverse phosphotransferase reaction 2 ⋅
𝐴𝐷𝑃 → 𝐴𝑇𝑃 + 𝐴𝑀𝑃 shows no change in single variants compared to the WT 
activity while the double variant has severely reduced activity.  C.  Populations of the 
folded (solid line), unfolded (dotted line), and LU (dashed line) states determined 
from differential scanning calorimetry for WT, V142G, and V135G show that 
entropy-enhancing mutations stabilize the LU state.  The solid red line represents the 
LU population in the V135G/V142G variant as the folded conformation is not 







Figure 1.3 Effect of Entropy-Enhancing Mutations 
A. Mutations in the LID domain at positions V135 and/or V142 give access to points 
along a local unfolding curve at 19C (B) as the LU state is stabilized resulting in a shift 
in populations observed in NMR experiments from folded to unfolded resonances as 
depicted in C.  Populations of the LU state in B and C are estimated from observed 






Chapter 2 – Structure of the LU conformation in AK variants 
2.1 Abstract 
The LID domain of adenylate kinase (AK) populates an unfolded conformation that is enhanced 
with entropy-enhancing mutations.  Previous thermodynamic and NMR experiments on single LID variants 
presented evidence for local unfolding, however, the LU state was not verified structurally.81  In this study, 
NMR data unequivocally show that the LID domain locally unfolds upon mutation.  Furthermore, the 
population of the LU state can be tuned by utilizing multiple mutation sites in the LID.  This approach 
allows access to different equilibrium populations: the folded baseline with V142G, the LU baseline with 
V135G/V142G, and equal mixture of folded and LU populations with V135G.  Observed chemical shift 
changes are consistent with unfolding and are conserved amongst all variants demonstrating that variants 
promote the same unfolded conformation.  Furthermore, these results highlight the generality of entropy-
enhancing mutations and confirms that they have little to no effect on the ground state structure. 
2.2 Introduction 
High-energy intermediate-state conformations of proteins are difficult to characterize structurally 
since they are lowly populated and transient.  Entropy-enhancing mutations can stabilize these states so 
they can be studied experimentally.  Previous experiments established that entropy-enhancing mutations in 
the LID domain of AK promote a binding incompetent state consistent with a locally unfolded 
conformation.  However, structural information about this state was lacking.  Here, the structural 
characteristics of the binding incompetent state are explored using NMR.  NMR allows for site-specific 
interrogation of structural differences between variants.  While relatively simple, HSQC experiments 
provide a wealth of information on the local chemical environment of a given backbone amide and provide 
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a structural “fingerprint” of the protein.93  Differences in chemical shifts between variants inform on the 
type of conformational change that occurs and the structure of the intermediate-state conformation.94  
Furthermore, backbone amides undergoing conformational exchange on slow timescales manifest as two 
separate peaks in the HSQC experiment allowing for a direct measurement of the chemical difference 
between the conformations.  Chemical shift differences measured between slow exchange pairs can then be 
compared to differences observed between other variants.  Using this approach, we show that: no structural 
changes are present between the WT protein and the V142G variant, two mutations shift V135G/V142G 
LID peaks to an unfolded conformation, and V135G is in slow exchange between both of these 
conformations.  These studies show that the binding-incompetent, intermediate state previously identified is 
a conformation with an unfolded LID domain.  Furthermore, multiple entropy-enhancing mutations bring 
this state into focus highlighting the generality of this mutation scheme. 
2.3 Materials & Methods 
Preparation of Entropy-Enhancing Variants 
Double Colony Selection 
AK constructs were expressed using an ampicillin resistant pJ414 vector in BL21 DE3 pLysS E. 
coli cells.  Transformants went through a double colony selection procedure to ensure cell growth and 
robust expression in deuterated minimal media.95 Transformed cells were plated on a 70% D2O, LB/AMP 
plate and 9 colonies used to inoculate 9-1mL LB/AMP cultures in 100% D2O.  These cultures were then 
shaken at 250 rpm and 37C for 7-10 hours.  Concurrently, a 70% D2O master plate was divided into 9 
sections, and spotted with each corresponding colony ~10 times by touching a pipette tip to the colony on 
the transformation plate and repeatedly touching the corresponding section of the master plate without 
touching the original colony in between.  The master plate was incubated at 37C for 24 hours and stored at 
4C until double colony selection was complete.  Upon reaching an optical density at 600 nm (OD600) of 
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1.0 (mid log phase) the LB cultures were used to inoculate 9-1 mL, 100% D2O MOPS minimal medium 
cultures with 1% unlabeled glucose to an initial OD600 of 0.05-0.1 and shaken at 250 rpm and 37C.  After 
reaching an optical density of 0.6-1.0, MOPS cultures were induced with 1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG) for ~10 hours at 37C.  After expression, 250 L of cells were collected and 
boiled in Laemmli sample buffer in preparation for SDS-PAGE.  The amount of cell lysate loaded in the 
gel was normalized by the final OD600 of each colony.  The colony with the greatest expression from the gel 
was used to inoculate a 70% D2O LB culture using a single colony from the master plate.  This culture was 
grown to an OD of ~1 and 100 L of a 1:105 dilution spread on a 70 % D2O LB/AMP plate.  This plate was 
used to repeat the above colony selection process once more.  Finally, the colony with the greatest 
expression after the second round of selection was used to inoculate a 70% D2O LB culture, grown to an 
OD600 of ~1, and used to make glycerol stocks stored at 80C. 
Expression & Purification 
After colony selection ampicillin plates were streaked from glycerol stocks and a single colony 
was used to inoculate a 500 mL LB culture.  Initially LB cultures were shaken at 150 rpm and 25C for 14 
hours (overnight) then at 250 rpm and 37C until an OD600 of 1.0 was reached.  The LB culture was then 
spun down at 3580 g for 15 minutes and resuspended in 250 mL of 100% D2O MOPS minimal media at 
0.4% 2H/12C or 2H/13C glucose depending on the isotope required.  The MOPS culture was grown for one 
hour at 250 rpm to assimilate cells to the new conditions and then induced with 1 mM IPTG for 8 hours.  
Cultures were then spun down at 3580 g for 15 minutes at 4C.  The cell pellet was collected and frozen at -
80 C.  To begin purification the cell pellet was thawed and sonicated in three volumes of 50 mM TRIS, 0.1 
M NaCl, 2 mM EDTA, 2 mM DTT, pH 8.0, and a protease inhibitor cocktail tablet (Roche cOmplete 
ULTRA Tablets, Mini, EASYpack, reference 05892970001) for 15 minutes.  Cell lysate was then spun 
down at 15000 rpm and 4C for one hour.  The supernatant was filtered three times at 0.22 m, diluted with 
two volumes of filtered Cibracon Blue A buffer (50 mM TRIS, 0.1 mM EDTA, 1 mM dithiothreitol, and 
pH 7.5) and loaded onto a 50 mL Cibracon Blue affinity (for ATP binders) column pre-equilibrated with A 
buffer.  The column was then washed with two column volumes of A Buffer and eluted with a linear 
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gradient from 0-100% B buffer (A buffer plus 1 M NaCl) over 200 mL while collecting 5 mL fractions.  
Peak fractions from the chromatogram were run on an SDS-PAGE gel to check that AK was present 
(molecular weight of 23.5 KDa) and inspect purity.  Note that owing to the generality of the binding to the 
Cibracon Blue column samples were purified in batches from 1 L of expression medium or less.  This 
prevented overloading of the column with unwanted proteins, which can lead to contamination of the end 
product.  Fractions containing AK were then pooled and dialyzed against 4 L of the Resource Q A buffer 
(20 mM TRIS, 0.1 mM EDTA, 1 mM DTT, pH 8.0) in 3 KDa molecular weight dialysis tubing for 16 
hours at 4C.  Dialyzed protein was loaded onto a 75 mL quarternary amine, Resource Q anion exchange 
column pre-equilibrated with A buffer. The column was washed with two column volumes of A Buffer and 
eluted with a linear gradient from 0-100% Resource Q B buffer (A buffer with 0.1 M NaCl) over 300 mL 
collecting 5 mL fractions.  Peak fractions were run on SDS-PAGE gels to assess purity.  Pure fractions 
containing AK were pooled and dialyzed against 2 L of the AK NMR buffer (50 mM HEPES, 20 mM 
MgCl2, 5 mM TCEP, pH 7.0) for 16 hours at 4C in a 3 kDa molecular weight dialysis cassette.  The 
protein was then concentrated by centrifugation at 25C and 3580 g to 1 mM, spiked with 10% D2O, 
degassed for 30 minutes, and loaded into a Shigemi NMR tube.  Using these protocols highly deuterated 
samples were routinely acquired at concentrations of at least 12 mg/L of expression medium. 
NMR Experiments, Data Processing, and Analysis 
Theory 
The ZZ exchange measures exchange phenomenon occurring on the slow NMR timescale where 
the exchange rate constant is much lower than the chemical shift difference between the two 
conformational states.  This process manifests as two peaks in the HSQC spectrum, one for each 
conformation, as can be seen in Figure 2.11.  The ZZ exchange experiment can assign residues in slow 
exchange and quantify the kinetics of the exchange process, which is expanded upon in Chapter 4 below.  
In the HSQC version of the experiment a mixing time is added that allows molecules to exchange 
conformations after labeling magnetization with the 15N chemical shift and before detecting the 1H 
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chemical shift.  This results in peaks with chemical shifts from both conformations.  For instance, if a 
molecule begins in state A and changes conformation to state B during the mixing time a peak will appear 
at the nitrogen shift of A and the proton shift of B, 1HB-15NA.  Cross peaks are dependent on the mixing 
time and can be used to quantify the kinetics of the dynamic process as discussed below.  A 2D 1H/1H 
experiment can be used for quick verification of slow exchange as is shown in Figure 2.8.  Furthermore, 3D 
experiments can be used to further separate peaks and assign slow exchange pairs. 
Experiment & Analysis 
 1H-15N TROSY HSQC spectra were collected with 16 transients, a 70-90 ms acquisition 
time in the nitrogen dimension, and a 2.5 s delay between transients at both 14.7 and 18.8 T field strengths 
at 19°C for all variants.96  HNCA, HNCACB, HNCO, HNCACO, and 15N-edited NOESY experiments 
were used to assign backbone resonances of the unfolded conformation of the LID domain in the 
V135G/V142G variant at 19°C.  All spectra were processed using NMRPipe{Delaglio, 1995 #460} and in 
house scripts; data were visualized, peaks assigned, and peak heights/volumes calculated and exported 
using the CCPNMR analysis program.97  
Referencing differences between exported peak lists, due to slight temperature differences, were 
corrected based on median chemical shift differences as compared to WT spectra observed in both proton 
and nitrogen.  This was done for all residues excluding 100-180.  Median differences were calculated for all 
spectra as compared to the WT spectrum using in-house python scripts.  Combined chemical shift 
differences were calculated based on the following equation98: 










2.4 Results & Discussion 
Structural Similarity between WT & V142G 
The LID domain of V142G remains folded at low temperatures but unfolds at higher temperatures.  
At 19 C the V142G variant retains a folded structure similar to the WT protein as can be seen in an 
overlay of the two HSQC spectra shown in Figure 2.1.  Many peaks in the WT spectrum do not change in 
V142G; however, small peaks appear within the amide proton region between 7.5-8.5 ppm.  These 
additional peaks have been present in all sample preparations, at least three, and stable for over one year 
suggesting they are not contamination degradation.  Additional information about minor peaks could not be 
deduced owing to weak intensity and was not included in subsequent analyses.  Backbone assignments 
were transferred from WT to V142G and verified using through-space NOE measurements.  Differences in 
chemical shifts were then quantified and are shown in Figure 2.2.  The differences observed are quite small 
across the entire protein and the largest perturbations occur in the LID domain near the mutation site as 
might be expected.  These data demonstrate that the structure of the LID domain in V142G at 19C is 
largely folded and similar to the WT protein, matching expectations based on thermodynamic data.  At 
25C most LID peaks in V142G disappear but remain in the WT spectrum as seen in Figure 2.3.  At higher 
temperatures, minor peaks in the V142G spectrum do not intensify and new peaks are not observed while 
some folded peaks remain.  These results suggest that most LID residues in V142G move into intermediate 
exchange and convalesce at higher temperatures rather than just shifting peak intensity to the LU 
population. 
LID Unfolding V135G/V142G 
Mutating valines 135 and 142 to glycine in AK completely unfolds the LID domain.  This can be 
seen in an overlay of the V142G HSQC spectrum over V135G/V142G at 19C shown in Figure 2.4.  A 
significant number of peaks appear or intensify in the center of the amide proton spectrum in the 
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V135G/V142G variant.  The reverse overlay (V135G/V142 over V142G) in Figure 2.5 shows LID peaks 
that are present in V142G that disappear in the double variant.  Assignment of backbone resonances in 
V135G/V142G verified that LID domain residues had indeed collapsed into the center of the amide proton 
spectrum as depicted by the pseudo HSQC in Figure 2.6.  This region is a hallmark of unfolded proteins 
and demonstrates that V135G/V142G LID residues are largely unfolded.99  Combined chemical shift 
differences, shown in Figure 2.7, demonstrate that the structural change compared to the WT is large and 
confined to the LID domain.  These structural observations agree with thermodynamic experiments that 
were unable to detect any folded LID population even at low temperatures (unpublished data).  The N-
terminus near glycine 10 also shows a structural rearrangement.  These residues pack against a helix at the 
base of the LID domain and are presumably sensitive to unfolding of the LID.  These residues make up the 
p-loop that is essential for ATP binding and are highly conserved.  Disruption of p-loop structure could 
explain the reduced binding affinity of LID variants.  The data from V135G/V142G demonstrate that two 
entropy-enhancing mutations are sufficient to destabilize the LID domain even at low temperatures making 
the LU conformation predominant as depicted in Figure 1.3.  
V135G in Slow Exchange between F and LU 
Mutation of valine 135 to glycine moves the LID domain into slow exchange between folded and 
unfolded conformations.  Many peaks were present in the HSQC spectrum of V135G that overlaid with 
LID assignments for both V142G and V135G/V142G while no peaks were present at some folded LID 
positions.  This overlay suggested that most V135G LID residues were in slow exchange between the 
folded, ground and LU conformations.  To verify exchange between these peaks ZZ exchange NMR 
experiments were performed.  In these experiments, a mixing time allows amino acids to switch 
populations, from fold to LU or vice versa, during the course of the experiment.  Mixing populations 
correlates the two exchanging peaks resulting in cross peak intensity at the intersection of the two peaks in 
a 2D experiment like an HSQC, i.e. peaks at positions 1HA15NB and 1HB15NA.. The extent of slow exchange 
in the V135G variant can be easily seen in the 2D 1H/1H ZZ exchange spectrum shown in Figure 2.8.  In 
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this spectrum, diagonal peaks represent the 1D amide proton spectrum and off-diagonal elements correlate 
peaks belonging to the same proton from the same amino acid.  Two points are immediate from the figure, 
first there are a large number of residues in slow exchange, and second the proton chemical shift difference 
is large for many residues signifying a dramatic structural rearrangement.  Slow exchange pairs were 
assigned using additional 2D and 3D ZZ exchange experiments.  One peak from each pair was denoted 
either folded or LU for peaks that overlaid best with V142G or V135G/V142G, respectively.  The pseudo-
HSQC in Figure 2.9 shows the slow exchange pairs as blue and red circles for the folded and LU 
populations, respectively, with gray wedges connecting peaks recorded from the same 15N and 1H nuclei 
belonging to the same amino acid in a similar fashion as Figure 2.6.  All LU peaks collapse into the center 
of the amide proton spectrum, characteristic of an unfolded protein.  Furthermore, the combined chemical 
shift difference between the two populations in Figure 2.10 shows large changes localized to the LID 
domain.  The fact that V135G stabilizes the LU state to a greater degree than V142G is surprising and in 
disagreement with thermodynamic data that predicted an LU population of 15% at 19C.  A large part of 
this discrepancy is most likely due to differences in transverse relaxation rates.  The intrinsic 15N relaxation 
rates for LU peaks are around 15 s-1 while the ground state peaks have rates around 30 s-1, which can lead 
to a nearly two-fold increase in peak height for the same area when considering only the nitrogen 
dimension.  Furthermore, additional peak broadening due to conformational exchange on intermediate 
timescales could reduce the height of one or both peaks. 
All variant comparison 
LID mutations have subtle and interesting effects in other regions of the protein.  Chemical shift 
differences were calculated between WT and V142G, V135G/V142G, and the folded set of V135G peaks 
to assess changes in the structure of the folded conformation.  Separate proton and nitrogen chemical shift 
differences are shown in Figure 2.11.  Interestingly, there are significant changes outside of the LID 
domain in addition to the aforementioned changes around residue 10 in the p-loop.  For instance, the largest 
proton chemical shift difference in V135G occurs at phenylalanine 81 located in the third beta strand in 
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CORE domain.  The same residues show differences in both the V142G and V135G/V142G variants in the 
same direction as V135G.  However, the trend in the magnitude of the differences in both proton and 
nitrogen is such that V135G has the greatest effect followed by V135G/V142G and finally V142G.  This 
same trend is observed in other regions of the protein including near residues 2, 103, and to a lesser extent 
26, and 190.  All of these residues are located at a common edge of the beta sheet that makes up the central 
CORE domain, as shown in Figure 2.12, suggesting structural rearrangement of this region upon unfolding 
of the LID domain.  However, the trend of chemical shift changes in this region is in contrast to the 
observed trend in LU populations for LID residues where V135G/V142G results in the greatest change in 
populations.  This indicates that while related to local unfolding, chemical shift changes within the beta 
sheet of the CORE are not directly correlated to the population of the LU state.   
A comparison of LID peaks suggests that all variants undergo the same local unfolding transition.  
The magnitude of the combined chemical shifts presented in Figure 2.7 and Figure 2.10 are quite similar 
between the V135G and V135G/V142G variants as are the direction of the changes as seen in the pseudo-
HSQC spectra in Figure 2.6 and Figure 2.9.  The chemical shift differences between V142G and 
V135G/V142G were compared directly to those between slow exchange pairs in V135G.  Figure 2.13 
shows excellent agreement between the two sets of chemical shift differences in both proton and nitrogen 
even with all common LID residues included.  This correlation demonstrates that entropy-enhancing 
mutations in the LID domain have the same effect in all three variants and all variants access the same 
transition. 
2.5 Conclusions 
The structural data presented here show unequivocally that the LID domain locally unfolds and 
entropy-enhancing mutations stabilize the LU conformation.  The V142G variant shows no structural 
evidence of local unfolding but the disappearance of peaks at higher temperatures suggests conformational 
exchange in the LID.  Two mutations in the LID shift the observed equilibrium entirely to the LU 
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conformation.  Remarkably, LID residues in V135G are in slow exchange between the folded and LU 
conformations.  Although the results for V142G and V135G/V142G are consistent with previous 
thermodynamic data, V135G appears to stabilize the LU conformation to a greater extent than expected.  
Greater flexibility of locally unfolded LID residues, resulting in lower relaxation rates and greater peak 
intensities, could explain the difference in the observed equilibrium population by NMR versus 
calorimetric results.  Additionally, conserved, tandem proline residues at positions 139 and 140 could 
restrict flexibility in the unfolded state and potentially reduce the effect of the V142G mutation.  Multiple 
exchange processes could weaken peak intensity of one population and result in observed populations in 
NMR experiments that are different from thermodynamic results.  Multi-state exchange will be discussed in 
greater detail in Chapter 4 below.  Variants with different populations of the LU state provide an 
opportunity to characterize the LU transition from multiple perspectives strengthening the analysis.  It is 
remarkable that such small mutations can produce such a large effect in the LID domain of AK.  This can 
only be possible if the stability of the LID domain is poised sufficiently close to the local unfolding 
transition as depicted in Figure 1.3.  Local instability has been suggested as a method for reducing protein 
strain and for tuning enzymes.38, 43, 100-101  Entropy-enhancing mutations could be used to test these 





Figure 2.1 WT over V142G HSQC Overlay 
TROSY HSQC spectra of WT AK (grey) over V142G (blue) at 19 C and a pH of 
7.0 shows that most peaks in both spectra overlap with one another.  Reproducible 
minor peaks in the middle of the amide proton spectrum may be evidence of the 






Figure 2.2 V142G Combined Chemical Shift Difference 
The combined 1H 15N chemical shift difference between WT and V142G is largest 
in the LID domain, shaded in green.  However, differences are small throughout 







Figure 2.3 V142G over WT HSQC Overlay 25C 
The TROSY HSQC spectrum of V142G (blue) overlaid on top of the WT (black) 
spectrum at 25 C and a pH of 7.0 shows that many LID peaks disappear in V142G 
(circled, labeled peaks) while they remain in the WT. These data suggest that LID 
residues are moving from slow to intermediate exchange in V142G as some folded 






Figure 2.4 V142G over V135G/V142G HSQC Overlay 19C 
The TROSY HSQC spectrum of V135G/V142G (red) under that of V142G (blue) 
both collected at 19 C and a pH of 7.0 shows increased peak intensity and new 






Figure 2.5 V135G/V142G over V142G HSQC Overlay 19C 
The TROSY HSQC overlay of V135G/V142G (red) over V142G (blue) both 
collected at 19 C and a pH of 7.0 shows a loss of peak intensity upon a second 







Figure 2.6 V142G V135G/V142G Pseudo-HSQC 
A pseudo-HSQC of common peak assignments between V142G (blue) and 
V135G/V142G (red) at 19 C with grey wedges connecting peaks for the same amino 
acid.  This plot shows that upon a second mutation in the LID domain peaks collapse 







Figure 2.7 V135G/V142G Combined Chemical Shift Difference 
Combined 1H-15N chemical shift differences in the V135G/V142G variant, shown 
in red, are confined to the LID domain (green) demonstrating that unfolding is a 







Figure 2.8 V135G ZZ 1H/1H Spectrum 
The 1H/1H ZZ exchange spectrum collected on V135G at 22C shows direct 
evidence of slow exchange between amide proton (diagonal) peaks that belong to 
the same amino acid in folded and unfolded conformations.  Diagonal peaks for 







Figure 2.9 V135G Pseudo-HSQC 
A pseudo HSQC of assigned slow exchange pairs in V135G at 19 C shows large 
structural changes similar to Figure 2.6 with peaks in blue representing folded 
positions that overlay with WT and V142G and peaks in red representing unfolded 






Figure 2.10 V135G Chemical Shift Differences 
Combined chemical shift differences between slow exchange pairs in V135G show 
that exchange is localized to LID domain residues shaded in green. V135G 







Figure 2.11 Chemical shift differences of folded peaks in V135G 
Nitrogen (upper) and proton (lower) chemical shift differences calculated between 
HSQC spectra collected on WT and all variants at 19 C show significant changes 
outside of the LID domain (green) between residues 80-85, 103-108, and 190-201.  
These regions are all located in the CORE domain.  Larger differences were 







Figure 2.12 Chemical shift differences in CORE residues. 
Regions in the CORE domain of AK showing amide chemical shift differences upon 
entropy-enhancing mutations in the LID domain.  Residues shown as sticks in 








Figure 2.13 Chemical Shift Change Correlation 
Correlation of the observed chemical shift differences between slow exchange 
pairs in V135G (x-axis) and V142G and V135G/V142G (y-axis) demonstrates that 









Chapter 3 – NMR dynamics of local unfolding in V142G and 
V135G/V142G. 
Abstract 
Conformational dynamics in proteins can be studied using relaxation dispersion (RD) NMR 
experiments.  These experiments show that LID domain residues in both V142G and V135G/V142G 
undergo conformational exchange despite being in entirely different conformations.  Fit parameters show 
that exchanging LID residues in both variants have the same chemical shift difference between 
conformations demonstrating that both variants undergo the same LU transition.  The population of the LU 
state in V142G and V135G/V142G match previous thermodynamic results.  Additionally, both variants 
have similar exchange rate constants on the intermediate to fast NMR timescale.  These experiments 
establish that the LID domain of the V142G and V135G/V142G variants access the locally unfolded and 
native WT conformations, respectively.  Furthermore, this study exemplifies the favorable pairing of 
entropy-enhancing mutations with NMR experiments measuring protein dynamics, which should be 
generally applicable. 
3.2 Introduction 
In addition to structural characterization, NMR spectroscopy has the unique ability to probe 
conformational dynamics on a per residue basis with minimal or no modifications to the protein.  Different 
NMR experiments can measure a wide range of timescales and obtain information about minor-state 
populations that are not directly observable.84, 91, 102  Relaxation dispersion (RD) or CPMG experiments, 
named after Carr, Purcell, Meiboom, and Gill, are sensitive to dynamics between distinct conformations of 
proteins on the ms to µs timescale.  This process, called conformational exchange, scrambles 
magnetization, enhances transverse relaxation rates, and reduces peak intensity in HSQC spectra.  Spin-
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echo refocusing pulses can recover peak intensity by attenuating the effects of conformational exchange 
and reducing relaxation rates.  The profile of the effective transverse relaxation rate, R2,eff, as a function of 
spin-echo pulsing frequency can be fit to analytical models describing the exchange process.  Parameters 
from these fits generally include the populations of the exchanging states, the rate constant of the exchange 
process, and the chemical shift difference between the states.  A more detailed description of this technique 
is available in the methods section below.   
Entropy-enhancing mutations are exquisitely matched with RD experiments because they increase 
dynamics to enhance lowly-populated states.  These experiments provide information about conformations 
that are not directly observable.  Thus, local unfolding dynamics can be explored from the folded and 
unfolded baselines with the V142G and V135G/V142G variants, respectively. Comparisons of RD fit 
parameters from multiple variants provide valuable information: chemical shift differences can test for a 
common structural change, exchange rate constants can inform if folding or unfolding rates increase the LU 
state, and LU populations from RD and thermodynamics can test for two-state behavior.  This chapter 
demonstrates that both V142G and V135G/V142G undergo the same local unfolding exchange process.  
These results provide further evidence of the generality of entropy-enhancing mutations and allow for a 
detailed investigation into the LU conformational transition not otherwise possible. 
3.3 Materials & Methods 
NMR Relaxation Dispersion 
Theory 
Relaxation dispersion (RD) is a phenomenon caused by exchange between two distinct 
conformations of a macromolecule.  This process is conceptually depicted in Figure 3.1 with a protein that 
can access an open and closed conformation.  Groups of magnetic moments for these conformations in the 
transverse plane are depicted by yellow and blue arrows and the green arrow represents the observed, 
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average chemical shift frequency.  During the course of an NMR experiment the two groups of spins are 
aligned with one another resulting in a maximum average signal.  After a time  one molecule from each 
group changes conformation, swapping a pair of spins from one group to the other.  Single exchange events 
dephase the spins in each group slightly and reduce the average signal intensity. Transverse magnetization 
is scrambled if this process continues many times during the T1 period of an NMR experiment.  
Experimentally, this effect, called Rex, is added to the intrinsic relaxation processes: 
 𝑅2,𝑒𝑓𝑓 = 𝑅2,𝑖𝑛𝑡 + 𝑅𝑒𝑥 (2) 
Conformational exchange results in broader peaks with decreased intensity in 2D spectra like the 
HSQC.  However, the effects of conformational exchange can be mitigated by the application of spin-echo 
refocusing pulses which are depicted in the lower panel of Figure 3.1.  Here only an individual spin from 
each group is shown as they precess in the transverse plane in the frame of reference of the average shown 
in green above.  The two spins precess in opposite directions over a time  leading to decreased magnitude 
of the free induction decay (FID) signal.  Next, a 180 pulse is applied, here along the length of the page, 
such that the x-component of the spins are flipped by 180.  The spins continue to precess in a counter-
clockwise direction, due to the static applied magnetic field, and realign after the same time .  In the 
context of conformational exchange, the Rex term in (2 can be abated if spin echo pulses are applied fast 
enough.  The magnitude of the Rex term is determined by: the populations of the two states involved, pA and 
pB, the exchange rate constant, kex (= kAB + kBA), and the chemical shift difference between the two states, 






In the presence of refocusing pulses the Rex term takes on a more complicated form, which is 






























 𝜓 = 𝑘𝑒𝑥
2 − (𝛥𝜔𝐴𝐵
2 ) (7) 
 𝜁 = 2𝛥𝜔𝐴𝐵𝑘𝑒𝑥(𝑝𝐴 − 𝑝𝐵) 𝑤ℎ𝑒𝑟𝑒 𝑝𝐴 > 𝑝𝐵  (8) 
Where CPMG is the frequency of spin echo pulses applied during the NMR experiment.  This 
model works particularly well for skewed populations in intermediate-to-fast exchange to analyze RD data 
from the V142G and V135G/V142G variants. 
Experiment & Analysis 
RD experiments were carried out using the pulse sequence developed by Kay and coworkers using 
a constant time, during which the spin echo pulses were applied, of 40 and 50 ms for 14.2 and 18.8 T, 
respectively.104  Data were collected with relaxation delays of 9.56*, 4.76, 3.16, 1.88, 1.33, 0.92, 0.646*, 
0.44, 0.329, 0.28*, and 0.26 ms (26.15, 52.52, 79.11, 132.96, 271.74, 387.17, 568.18, 759.35, 892.86, and 
961.54 Hz) at 600 MHz and 9.55*, 4.75, 3.15, 1.87, 1.321, 0.91, 0.636*, 0.43, 0.319, 0.27*, and 0.25 ms 
(26.18, 52.63, 79.37, 133.69, 189.19, 274.73, 393.26, 581.40, 783.13, 925.93, and 1000.00 Hz) at 800 MHz 
field strengths.  Delays marked with an * were used in duplicate. Batches of TROSY HSQC spectra were 
collected for each set of delay times in an interleaved manner, to mitigate effects of sample heating, with 16 
transients, a 90 ms 15N detection period, and a 2.5 s delay between transients for each relaxation delay at 
both 14.2 and 18.8 T field strengths at 19°C. 
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Interleaved data were separated using in-house scripts, FIDs were processed with nmrPipe, and 
assignments were transferred using the CCPNMR Analysis software.{Skinner, 2015 #1008;Skinner, 2016 
#1007}  Peak lists were exported and the CR72 model fit to the data using nonlinear-least-squares with the 
stand-alone python software package relax.105  Transverse relaxation rates were calculated within relax 










where I0 is the intensity of the reference TROSY HSQC spectrum, I the intensity of the spectra collected 
with the CPMG spin echo pulse train applied, and CT the constant time period during the CPMG pulse 
train.  The two-point experiment to estimate the magnitude of the exchange contribution to the relaxation 
rate was determined by taking the difference between the R2,eff calculated for highest and lowest pulsing 
frequency.  High pulsing frequency abolishes the Rex term leaving only R2,int.  Subtracting the two R2,eff 
terms leaves Rex since R2,int is the same at both pulsing frequencies. 




The relax software program was used to analyze full RD curves from both field strengths using the 
CR72 model described above.  First, a grid search was performed using 21 points over defined ranges for 
each fit parameter:  R2 = 5-20 s-1;  = 0-14 ppm; pA = 0.5-1.0; kex = 1-10000.  This coarse-grained search 
protected against selection of a local minimum in parameter space.  Local minima were found using a 
Levenberg-Marquardt, nonlinear-least-squares fit, starting with the optimal grid-search parameters.  
Parameter error estimation was performed using Monte Carlo permutation tests.  In this process R2,eff values 
are calculated for the same measured pulsing frequencies with the CR72 model with normally distributed 
error added to the value and fit using the same model.  This process was repeated 500 times.  Data, fits, and 
parameters were plotted using ipython and matplotlib. 
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3.4 Results & Discussion 
V142G & V135G/V142G LID Dynamics 
Conformational fluctuations can be present in a protein but not observable in HSQC spectra.  
Disappearance of LID peaks at high temperatures in V142G implies that these residues are dynamic and 
structural data from V135G and V135G/V142G suggests that the V142G LID accesses an unfolded 
conformation.  Relaxation dispersion (RD) experiments, as described in the methods section above, were 
performed on V142G to investigate dynamic LID unfolding.  These experiments can indirectly detect 
lowly-populated states like the LU conformation that are unobservable in HSQC spectra through 
observations of a single, observed HSQC peak in a different conformation.  A two-point experiment, 
described by equation (10) and shown in Figure 3.2 A, can quickly probe for dynamics and estimate the 
magnitude of the exchange component of transverse relaxation, Rex.  Figure 3.2 B shows this estimate along 
the sequence of AK with the WT in gray and V142G in blue.  Although V142G is structurally the same as 
WT at 19 C (see Figure 2.2), large Rex values are present in the LID domain, shaded in green.  These 
results demonstrate that the V142G LID is undergoing conformational exchange while the WT protein does 
not.  Interestingly, glycine 10, in the CORE domain, is also dynamic.  This residue is positioned in the 
canonical ATP binding p-loop in the CORE domain that is roughly in between the two points of insertion 
of the LID as shown in Error! Reference source not found..  The p-loop is vital to the binding of 
substrate to AK and conformational fluctuations within this region may cause the decreased binding 
affinity in entropy-enhancing variants. 
Full analysis of RD data provides structural, kinetic, and thermodynamic information about the 
conformations in exchange.  This information is extracted from fits to RD curves, as shown in Figure 3.2 
A, using previously developed numeric and analytical models.  One of the first and most general models 
was developed by Carver and Richards in 1972, referred to here as the CR72 model, and is described by 
equations (4)-(7).  Fit parameters from the CR72 model include: the major state population, pA, the 
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exchange rate constant, kex, and the chemical shift difference between the two states, .  Multiple field 
strengths are vital for accurate determination of parameters, as the chemical shift difference is field 
dependent.  CR72 was chosen from a set of plausible models using the Aikake information criterion.  Fits 
to V142G RD curves from exchanging residues with well-resolved peaks and an estimated Rex of at least 
5s-1 are shown in Figure 3.3 and Figure 3.4 and described in Table 3-1.  Most of these curves plateau to 
intrinsic R2 values at high pulsing frequency; however, residues that do not show a plateau include 129, 
136-138, 147-149, and 158-159.  This behavior could be due to faster exchange rates but is more likely a 
result of larger 15N chemical shift differences as measured in V135G (Table 2-1).  The model fits poorly to 
some residues at low pulsing frequency for both 600 (blue) and 800 MHz data (red).  It is not clear if this is 
due to experimental error or limitations of the model.  Systematically high R2,eff values were  also observed 
at 925.93 and 1000 Hz pulsing frequencies in 800 MHz data and were omitted from all analyses in this 
study.  The CR72 fits recapitulate the main features of the data. 
V142G RD fit parameters are consistent with LID unfolding.  Reduced 2 values, shown in Figure 
3.4 A, demonstrate that most residues undergoing exchange are described well by the CR72 model.  
Populations and exchange rate constants should cluster around a common value for multiple residues if the 
exchange process is two-state and cooperative.  The population of the folded state in Figure 3.4 B, pA for 
this analysis, clusters near the median value of 0.89, which is consistent with previous thermodynamic 
data.81  A handful of residues clustered around 0.5, which may indicate a limitation of the model, as this is 
the minimum allowed value in the data analysis.  Exchange rate constants are quite variable ranging from 
25 to 1100 s-1 with a median value of 321 s-1, as seen in Figure 3.4 C.  The variability of both exchange 
rates and populations prevented a cluster analysis of the data in which these parameters are shared amongst 
all exchanging residues.  Notably, the largest deviations from the median and errors in kex values occur for 
residues with large fit values, which could be due to poor fitting to the data, actual differences in values, 
or evidence for multi-state exchange.  To this last point, residues with large  values will have larger Rex 
values and a greater signal from an additional exchange process.  Figure 3.4 D shows nitrogen chemical 
shift differences, which, unlike the rates and populations, should not cluster about a common value.  Many 
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of these differences are quite large, which is consistent with unfolding, and match directly measured values 
as discussed below.  The fit parameters described here are consistent with the LID domain in V142G 
locally unfolding on an intermediate-to-fast timescale at a population of ~10% at 19C. 
RD experiments were also performed investigate dynamics in V135G/V142G.  Although this 
variant has an unfolded LID, it undergoes conformational exchange in the exact same regions as V142G as 
seen in Figure 3.2.  Fewer residues in V135G/V142G were analyzed owing to spectral overlap but many 
have well-resolved peaks and an estimated Rex of at least 5s-1as seen from the curves and fits to the CR72 
model in Figure 3.5.  V135G/V142G fit parameters describe an intermediate-to-fast exchange process in 
the LID domain with large chemical shift differences and a folded population of only 3%.  Reduced 2 
values in Figure 3.6 A show that fits to V135G/V142G are comparable to those to V142G data.  The major-
state population in Figure 3.6 B, pA, describes the unfolded population for the V135G/V142G variant and 
clusters well about a value of 0.97.  This small folded population is consistent with an undetectable folded 
state population by thermodynamics.  Exchange rate constants in Figure 3.6 C have a median value of 394 
s-1.  This rate constant is very close to that measured in V142G, which means, assuming a two-state 
process, that folding and unfolding rates decrease and increase, respectively, to change populations in 
V135G/V142G.  Similarly to V142G, rates are highly variable and kex errors correspond to residues with 
large fit values.  15N chemical shift differences are large and similar to values from V142G data, implying 
that the unfolded V135G/V142G LID is accessing a folded conformation. 
A similar transition in V142G & V135G/V142G 
Parameters from V142G and V135G/V142G are consistent with a common LID unfolding 
process. Although different conformations are observed in these variants, 15N chemical shift differences are 
highly correlated between the folded, V142G and the unfolded, V135G/V142G variants as seen in Figure 
3.7.  Two outliers, K136 and F137, present for V135G/V142G, have much lower values and likely differ 
owing to local effects of the mutation since these residues are adjacent to V135.  The  fit parameters for 
both V142G and V135G/V142G can be compared to measured  values between slow-exchange pairs in 
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V135G.  This comparison is shown in Figure 3.8 with chemical shift differences in blue and red for V142G 
and V135G/V142G, respectively, linear fits as dashed lines, and a grey dashed line along the diagonal.  Fits 
to each variant are close to the ideal diagonal line demonstrating excellent agreement between 
measurements and fit parameters over a large range of chemical shift differences. However, shift 
differences are systematically lower and higher than those observed in V135G for V142G and 
V135G/V142G, respectively.  This result, while subtle, may be evidence of multi-state exchange as 
described in Chapter 4 below. 
Conclusions 
The above results demonstrate that the LID domains of V142G and V135G/V142G are dynamic 
and access the same conformations.  Both variants show dynamics on intermediate-to-fast timescales, have 
populations that match previous thermodynamic measurements, and have the same chemical shift 
differences.  This last point is remarkable because the observed LID residues are in entirely different 
conformations.  Furthermore, the fact that both of these variants agree with directly observed chemical shift 
changes from V135G further strengthens the fact that all variants are undergoing the same process.  Lastly, 
this study shows that entropy-enhancing mutations are a useful tool for dynamics measurements.  In fact, 
experiments were performed at 19 C because the V142G variant matches the LU population of WT at 
37C but has measurable dynamics.  Coupled with minor perturbations to the ground state, entropy-





Figure 3.1 CPMG and Spin Echo  Concept 
A. Conformational exchange scrambles transverse magnetization.  The diagram follows two 
groups of conformational states of the same spin (yellow and blue arrows) in the rotating frame 
of reference of the average chemical shift frequency (green arrows).  The two states precess at 
slightly different frequencies and as individual proteins change conformations after a time  the 
groups of spins dephase giving rise to the Rex contribution to the transverse relaxation rate.  B. 
Spin echo pulses ameliorate dephasing due to conformational exchange. A 180 pulse (along y 
in this case) can be applied to the system to refocus the spins of the two conformations in A 
prior to conformational exchange.  After the pulse the spins are flipped in the transverse plane 





Figure 3.2 Rex Two-Point Estimate 
A. RD curves from V142G showing evidence of exchange as changes in R2,eff 
(blue, E152) and no exchange (red, T155).  The two-point estimate of the Rex 
contribution is calculated by subtracting the highest CPMG data point from the 
lowest.  B. The two-point Rex estimate shows exchange in the LID domain (green) 






Figure 3.3 V142G RD Curves 
RD curves for residues in V142G that show appreciable exchange and have well-
resolved peaks and estimated Rex values of at least 5s-1.  Data are shown as dots, 
with errors propagated from the variance in peak intensity, and fits as lines.  Data 
were collected at 14.2 and 18.8 T in blue and red, respectively.  Only these 
residues and those in Figure 3.44 were used for further analysis. 




Figure 3.4 Contd. V142G RD Curves 






Figure 3.4 V142G CR72 Fit Parameters 
A. Reduced χ2 values show that the CR72 model fits well to V142G data.  B. 
Major state populations, the folded conformation here, are consistent with previous 
thermodynamic data and have a median value for LID residues of 0.89, shown as a 
grey dashed line.  C. Kinetic rate constants for the exchange process have a median 
value (dashed line) of 321 s-1 for LID residues but are highly variable.  D. 15N 
chemical shift differences are largest within the LID domain.  Errors are derived 






Figure 3.5 V135G/V142G RD Curves 
RD curves for V135G/ V142G with appreciable exchange and have well-resolved 
peaks and estimated Rex values of at least 5s-1.  Dots represent data and fits as lines.  
Errors were propagated from the variance in peak intensity. 14.2 and 18.8 T data 






Figure 3.6 V135G/V142G RD Parameters 
A. Reduced χ2 values show that the CR72 model fits well to the data.  B. Major 
state populations, representing the unfolded conformation, have a median value 
(dashed line) of 0.97 for LID residues.  B. Kinetic rate constants for the exchange 
process have a median value (dashed line) of 394 s-1 for LID residues but are 
highly variable.  C. 15N chemical shift differences are well determined and largest 
within the LID domain.  In all cases errors are derived from Monte Carlo 





Figure 3.7  Fit Comparison 
15N chemical shift differences from RD fits correlate well for common residues 
between V142G and V135G/V142G.  This provides strong evidence that both 
variants are engaged in the same local unfolding process.  However, V142G has 
systematically smaller values than V135G/V142G, which could be due to multi-state 
exchange.  Furthermore, K136 and F137 are outliers in the V135G/V142G variant 







Figure 3.8 RD  Comparison 
15N chemical shift differences between slow exchange pairs in V135G correlate 
with fit parameters from both V142G (blue) and V135G/V142G (red) establishing 
that all variants access the same dynamic process despite only one observable 
population in V142G and V135G/V142G.  Data points are labeled with residue 
numbers in boxes and labels for LID residues, from 120-160, are shaded in green.  
Slightly larger and smaller values for V135G/V142G and V142G, respectively 





Table 3-1 V142G CR72 CPMG Fit Parameters 
Parameters corresponding to Figure 3.4 from fits to V142G CPMG curves 






Table 3-2 V135G/V142G CR72 CPMG Fit Parameters 
Parameters plotted in Figure 3.6 from fits to CPMG curves collected on the 





Chapter 4 – Conformational dynamics in V135G and multi-
state exchange. 
4.1 Abstract 
In this chapter measurements of dynamics in the V135G variant are presented and the effects of 
entropy-enhancing mutations are analyzed in the context of two- and three-state exchange.  The V135G 
variant is in slow exchange conformations and both ZZ exchange and RD experiments measure exchange 
kinetics on the order of 20 s-1.  However, 2-state models are unable to fit ZZ exchange data and rates 
measured from these two experiments are different.  Additionally, a van’t Hoff analysis was performed 
using NMR data and the results do not agree with previous calorimetric values indicating that the process is 
not 2-state.  Additional circumstantial evidence from V135G is consistent with two parallel unfolding 
processes with similar structural endpoints, one slow and the other intermediate-to-fast on the NMR 
timescale.  Evidence for slow exchange in the V142G and V135G/V142G variants is presented that 
supports this multi-state exchange model.  The effects of mutations in the context of a 2-state model are 
considered and strategies for testing multi-state exchange are discussed.  
4.2 Introduction 
The V135G variant shows clear evidence of slow exchange between the native and LU 
conformations.  In addition to verifying exchange, ZZ exchange experiments can be used to quantify 
conformational dynamics.89, 106-107  Conformations are allowed to exchange during the experiment 
generating cross peak intensities that are dependent on the mixing time during which exchange occurs.  
Rates of exchange can be obtained by fitting analytical expressions to ZZ exchange data or fitting a line to 
the linear portion of cross peak intensities at short mixing times. To obtain rates from ZZ exchange 
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experiments, self and cross peaks must be resolved in HSQC spectra, which is difficult with AK because 
the spectrum is crowded due to the size of the protein and the fact that unfolded peaks are not well 
dispersed.  Although peaks for multiple residues are well resolved, two-state models do not fit the ZZ 
exchange data.  On the other hand, relaxation dispersion experiments can measure dynamics for residues in 
slow exchange and only require a single peak for quantitative analysis.  The setup of RD experiments and 
analysis of the data is the same as that described for V142G and V135G/V142G above, however, different 
RD models need to be used that better describe slow exchange processes.108-109  The model used here to 
describe slow exchange RD data was developed by Lewis Kay’s group and is labeled TSMFK01 from this 
point on.  Parameters from this model can be compared to rate estimates from ZZ exchange and measured 
chemical shift differences.  While chemical shift differences agree with measured values between 
exchanging pairs, RD rates are systematically higher than ZZ estimates.  This result and additional 
evidence from the V145G variant prompted consideration of multi-state exchange models for unfolding of 
the LID domain. 
The simplest multi-state exchange model consistent with the data is a 3-state parallel unfolding 
process.  In this model a single folded, native conformation can unfold to the LU conformation by two 
pathways, one slow and the other intermediate-to-fast on the NMR timescale.  This model is supported by 
V135G NMR data and unconfirmed evidence of slow exchange in HSQC spectra from the V142G and 
V135G/V142G variants.  A number of studies have characterized multi-state exchange by NMR, however, 
more data than was collected in this study is required to get quantitative information about the states 
involved and rates of exchange.88, 90, 108, 110-112  Quantitative analysis of multi-state exchange has been 
possible when the rates of the individual processes are on different NMR timescales.  For instance, slow 
exchange processes can usually be quantified by ZZ exchange or CEST (conformational exchange 
saturation transfer), and subtracted from multi-state exchange RD data leaving the contribution of a faster 
process to be independently analyzed. 108  Multi-state exchange has also been quantified by collecting RD 
data as a function of temperature and including the enthalpy and entropy of the conformational changes in 
global fits of the data.88  Another example characterizing multi-state exchange involved complex numerical 
models that require data from multiple field strengths, nuclei, and coherences.90, 113  While multi-state 
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exchange is most consistent among all variants, a two-state analysis can give insight into how mutations 
promote the LU state.  The complication of an additional exchange process may be minimal if one 
exchange process is dominant and contributes most to the RD signal recorded.  The fold change in rates can 
be obtained by constructing a double mutant cycle, enumerating all known rates, and dividing the rate in 
question of the final by the initial state.  This analysis could be flawed if the two mutation sites affect 
different exchange processes or if both processes contribute significantly to the observed exchange data.  
Altogether these data support a multi-state exchange, parallel unfolding model for LID local unfolding.  
Elucidation of this model would not be possible without the degenerate nature of the entropy-enhancing 
mutation scheme used here.  In general, this mutation scheme should be able to obtain a deeper 
understanding about conformational dynamics involving high-energy intermediate states in proteins. 
4.3 Materials & Methods 
NMR ZZ Exchange  
Theory 
The modulation of the cross and self-peak intensity has been well described analytically for the 2-
state process 𝐹 ⇔ 𝑈 as follows:106  
 𝐼𝑛𝑛(𝑡) = 𝐼𝑛(0) ⋅
−(𝜆2 − 𝑎11)𝑒





𝐼𝑢𝑢(𝑡) = 𝐼𝑢(0) ⋅
−(𝜆2 − 𝑎22)𝑒

































and a11, a22, and a12: 
 𝑎11 = 𝑅1,𝑛 + 𝑘𝑛𝑢 (16) 
 𝑎12 = −𝑘𝑢𝑛 (17) 
 𝑎21 = −𝑘𝑛𝑢 (18) 
 𝑎22 = 𝑅1,𝑢 + 𝑘𝑢𝑛 (19) 
Cross peak intensities, described by Inu and Iun are predominantly dependent on the individual 
exchange rates at short mixing times resulting in a near linear buildup of cross peak intensity until spin-
lattice relaxation, either R1,n or R1,u in this case, begins to take over.  Exchange rates can be estimated by 
extracting the linear portion a polynomial fit to this buildup curve. 
Experiment & Analysis 
1H-15N ZZ exchange spectra were collected with mixing times of 0, 10, 30, 50, 70, 100, 150, 200, 
250, 400, 700, and 1000 ms at 22 C at 18.8 T with the 100 ms experiment run in triplicate and mixing 
times of 0, 10.6, 31.8, 53.1, 74.3, 106.1, 159.2, 222.8, 392.6, 700.4, and 1008.1 ms at 19 C at 14.1 T with 
the 106.1 ms experiment run in duplicate.  All spectra were processed using nmrPipe, assignments 
transferred, and peak lists exported with the CCPNMR Analysis program.  Peak list data were fit using 
Levenberg-Marquardt nonlinear-least-squares fitting implemented in the lmfit python package with 
equations 11-18 above. Rate constants were also estimated by fitting the first 5 mixing times for both 600 
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and 800 MHz data with a 3rd order polynomial and extracting the linear coefficient of the fit.  Data and fits 
were plotted using ipython and matplotlib. 
NMR Relaxation Dispersion 
The TSMFK01 model that was used to analyze V135G RD data is described by the following 
equation: 
 𝑅𝑒𝑥 =
𝑘𝐴𝐵𝑘𝐵𝐴 sin(𝛥𝛿 ⋅ 𝜏𝐶𝑃𝑀𝐺)
𝛥𝜔 ⋅ 𝜏𝐶𝑃𝑀𝐺
 (20) 
where kAB and kBA are the individual exchange rates,  the chemical shift difference between the two 
states, and CPMG (1/νCPMG) the delay time between applied spin echo pulses during the NMR experiment.  
Both the CR72 and TSMFK01 models were fit using the relax analysis software and the TSMFK01 model 
chosen based on the Aikake information criterion.  Analyses were repeated using in-house ipython scripts 
that imported the TSMFK01 model from relax. This was done because of limitations of the relax software. 
The scipy and lmfit python packages were used to perform the same grid search and Levenberg-Marquardt 
nonlinear-least-squares fitting as in relax and the analyses for V142G and V135G/V142G. 
HSQC Experiments & 2-state Analysis 
TROSY HSQC spectra were collected on the V135G/V142G variant at 2, 5, 7, 10, and 15 C at 
18.8 T to investigate evidence of slow exchange peaks in the vicinity of the folded conformation as 
observed in V135G and V142G.  Data were processed and analyzed in the usual way described above. 
The fold change in folding and unfolding rates were investigated assuming a two-state exchange 







where the first subscript identifies the rate, folding (F) or unfolding (U), and the second subscript identifies 







describes the change in the folding rate due to the valine to glycine mutation at position 135 in the context 




















 Individual rates for the V142G and V135G/V142G variants were calculated from the rate constant and 
major state population fit parameters from the RD data. 
CEST Theory 
Chemical exchange saturation transfer, or CEST, is an alternative method for investigating 
conformational exchange in macromolecules by NMR. In these experiments, weak selective pulses are 
applied to varying frequencies in the dimension of interest, in the case of the HSQC-based experiment the 
weak fields are applied along the 15N dimension.  During the experiment a mixing time is placed between 
labelling the 15N nucleus and the 1H nucleus, similar to the ZZ-exchange experiment described in section, 
wherein the magnetization is placed along the z-axis or in line with the static magnetic field.  During this 
mixing time the weak radio frequency pulse is applied perpendicular to the magnetization causing it to 
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rotate away from the z-axis.  When magnetization is transferred back to the x-y plane and later detected any 
nuclei with spins in the range of the applied weak field have severely decreased peak intensity; however, 
nuclei with minor states at the frequency of the applied field will also have decreased signal intensity owing 
to chemical exchange with the minor state, thereby decreasing the magnitude of the magnetization.  This 
weak field is varied throughout the 15N spectral width and the intensity of the visible peak is observed as a 
function of the frequency of the applied field. 
4.4 Results & Discussion 
Measured Conformational Exchange in V135G 
V135G is in clear slow exchange between the native and LU conformations and ZZ exchange can 
be used to quantify the rate of exchange between these states.  The 1H-15N ZZ exchange experiment is 
essentially an HSQC with an added mixing time that allows conformational exchange to occur and results 
in the appearance of cross peak intensity.  As the mixing time is increased the two cross peak intensities 
increase linearly until longitudinal relaxation begins to diminish peak intensity.  ZZ exchange curves were 
collected at both 22 and 19 C on 18.8 and 14.1 T spectrometers, respectively.  Data for many residues at 
14.1 T were not available because of peak broadening and overlap, therefore 18.8 T data were used for 
analysis.  Two-state analytical exchange models were not able to fit the data as seen in Figure 4.1.  
Therefore, rates were estimated from the linear region of cross peak intensity by fitting a 2nd order 
polynomial to the first 5 mixing times of normalized cross peak intensities, shown in Figure 4.2.  Estimated 
rates from the linear term of the polynomial cluster around 2 and 12 s-1 for folding and unfolding rate, 
respectively, as seen in Figure 4.8.  These rates are an order of magnitude lower than the exchange rates 
measured in the other variants.  Due to peak overlap in ZZ exchange spectra and the inability to fit the ZZ 
exchange data, RD data were collected on V135G at 19 °C and analyzed separately for native and LU sets 
of peaks.  The TSMFK01 model, developed for slow exchange data, was used to fit the data.  The native 
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and LU data, shown in Figure 4.3 and Figure 4.5, respectively, were fit well by the model which 
recapitulated the oscillatory behavior that is a hallmark of slow exchange data.  Fits to the folded set of data 
in Figure 4.4 produced large chemical shift differences and unfolding rates that cluster about a median 
value of 19 s-1 for LID residues.  Fits to the LU data produced folding rates clustering near 5 s-1 within the 
LID and large chemical shift differences consistent with observed values.  These folding and unfolding 
rates from RD fits are on the same order of magnitude as the ZZ exchange estimates but are systematically 
larger as seen in Figure 4.8.  The magnitude of chemical shift differences from fits to both sets of RD data 
correlate well with measured values between the slow exchange pairs as seen in panel A of Figure 4.7.  The 
RD parameters are consistent with the observed local unfolding conformational change in the LID on a 
slow-exchange timescale. 
Although the RD data for V135G are consistent with a slow, two-state process, systematic 
differences in fits to the data indicate an additional exchange process.  Fits to the native dataset are not as 
good as those to the LU data.  Although in Figure 4.7 A reduced 2 values are constant for fits to the LU 
dataset, 2 values from the native dataset are higher and scale with increasing chemical shift differences.  
Furthermore,  parameter values are systematically larger than measured values, and scale with the 
magnitude of the chemical shift difference, as seen in Figure 4.7 B.  These results are consistent with an 
additional exchange process primarily affecting the native state but accessing the same LU state on a faster 
timescale of exchange.  Such a process would shift the observed native peaks closer to their corresponding 
LU peaks resulting in larger  fit parameters versus observed values that scale with the magnitude of the 
chemical shift differences.  Furthermore, additional exchange would lead to greater Rex values and cause 
rates of exchange from RD fits to be larger, by equation (20), than those from ZZ exchange estimates as 
observed in Figure 4.8.  To further test the two-state assumption for the V135G data a van’t Hoff analysis 
was performed with NMR data.  An added benefit of the presence of peak intensity for both the native and 
LU populations of the LID domain in V135G is the ability to observe populations modulate with 
temperature.  Previous thermodynamic studies predicted a large change in the LU population over a narrow 
temperature range.  As expected peak intensity shifts from native to LU peaks with increasing temperature 
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from 10 to 25 C as seen in Figure 4.9, consistent with the expected behavior for local unfolding.  
However, peak intensity decreases for both native and LU peaks below 19 °C.  The behavior of the peak 
intensity directly contradicts the expected trend.  The loss in native peak intensity could be the result of 
these peaks moving into intermediate exchange or the native equilibrium population shifting to a third, 
unknown state.  Regardless, peak intensities collected at 19, 22, and 25 °C were used to perform a van’t 
Hoff analysis on a per residue basis.  The enthalpies and melting temperatures are quite variable and lowest 
within the LID domain as displayed in Figure 4.11.  The enthalpies are quite large, which is consistent with 
local unfolding, however, both enthalpies and melting temperatures were lower than those determined by 
differential scanning calorimetry.  Based on this analysis LID unfolding in V135G is not two-state. 
3-state model consideration 
With the data so far, speculation can be made about the multi-state exchange process.  It appears 
that the additional exchange process primarily affects the folded set of peaks.  The simplest model therefore 
is a 3-state exchange scheme in which molecules can locally unfold by either a fast or slow pathway and 
that both exchange processes share common structural endpoints: 
 𝐵 ⇌ 𝐴 ⇌ 𝐶 (26) 
where state A is the native LID conformation and states B and C are locally unfolded conformations with 
similar structural characteristics but different exchange kinetics.  States B and C may be able to exchange, 
however, this process would not be directly observable by NMR.  Furthermore, it appears that the different 
mutation sites affect different exchange processes with V142G promoting the fast exchange process and 
V135G the slow exchange process.  The convolution of fast and slow exchange may explain the failure of 
the two-state model to fit to the V135G ZZ exchange data.  The effects of an additional intermediate 
exchange process on a slow-exchange process has not been explored by the author or found in the 
literature.  Multi-state exchange could also contribute to the discrepancy in the V135G LU equilibrium 
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population observed by NMR and determined from calorimetry as folded peaks in intermediate exchange 
could have significantly decreased peak intensity. 
V142G and V135G/V142G both show signs of slow exchange in addition to RD data that is in 
fast-to-intermediate exchange.  Figure 4.13 highlights peaks in the V142G spectrum collected at 19 C that 
overlay with the LU peaks identified in both V135G and V135G/V142G.  Conversely, peaks at folded LID 
positions, circled in Figure 4.14, for many of the same residues appear in the V135G/V142G variant at 
temperatures below 7 C.  RD data from these same residues are in intermediate-to-fast exchange in both 
variants as compared to calculated coalescence rates shown in Figure 4.15.  The exchange rate in the 
V135G/V142G variant could have moved into slow exchange with the decrease in temperature, however, 
this is inconsistent with the persistence of LU peak intensity as temperatures decrease as these peaks would 
disappear if exchange moved from fast to slow.  The intensity of the purported slow exchange pairs is too 
low to be verified by ZZ exchange methods, however, the fact that multiple peaks show this behavior 
suggests that these are most likely slow exchange pairs.  Furthermore, multi-state exchange could lead to 
the observed variability in exchange rates, major state populations, and systematic differences in chemical 
shift differences determined from RD experiments in V142G and V135G/V142G. 
Inferences can be made about the nature of the different exchange processes.  Slower folding 
occurs in proteins with large absolute contact order.114  The LID region containing residues 110-180 has a 
contact order of 6.4 and 5.9 for the open and closed crystal structures, respectively.  This places the folding 
rate of the LID domain itself within 300-400 s-1, which is consistent with exchange rates determined from 
V142G and V135G/V142G.  The slow exchange process could be influenced by proline isomerization; 
however, the rate of slow exchange is much faster than measured rates of proline isomerization.  There are 
three proline residues in the LID domain at positions 128, 139, and 140.  The two adjacent prolines are also 
conserved amongst AKs that contain a LID and appear to stabilize residues F137 and N138 in the LID that 
interact with the bisubstrate inhibitor AP5A.  It is unclear what role, if any, these prolines may play in the 
local unfolding process.  The presence of one or more cis prolines in the LID domain could prevent 
efficient folding and reduce the observed exchange rate.  Removal of one or more of the three prolines in 
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the LID domain could test this hypothesis.  Ideally such mutations would eradicate the slow exchange 
process allowing the fast process to be characterized. 
Multi-state exchange in AK can be characterized by NMR.  As stated above many studies have 
characterized multi-state exchange.  However, with the current amount of data such analyses are not 
possible.  A major obstacle is the inability to fit the ZZ exchange data from V135G and the lack of slow 
exchange rates in the other variants.  Slow exchange measurements could be made using CEST NMR 
experiments described in the materials and methods.  In short, CEST scrambles magnetization at defined 
15N frequencies decreasing intensity of peaks at that frequency and peaks in different regions of the 
spectrum with exchange pairs at that frequency.  In this way, peaks with weak intensity or spectra that are 
too crowded for ZZ exchange experiments can be characterized.  This is a perfect experiment for the lowly-
populated slow exchange pairs for both V142G and V135G/V142G; however, the influence of the 
intermediate exchange process in CEST experiments is unknown and could complicate the data analysis.  
Lastly, RD data could be collected at multiple temperatures or on multiple nuclei and coherences to better 
resolve a three-state analysis which require more complicated analytical and numerical models.113  These 
experiments pose difficulties since the analysis of the temperature data is specialized and not implemented 
in many RD analysis software packages including relax and pulse sequences for collecting RD data on 
multiple nuclei and coherences are not implemented at the JHU NMR facility. 
 
2-state analysis 
Since quantitative analysis of multi-state exchange is not currently feasible data from all AK 
variants was analyzed with a two-state exchange model.  The analysis is illustrated by the thermodynamic 
cycle in Figure 4.12.  The effect of each mutation was considered separately for the folding and unfolding 
rates and depicted by  terms as defined in equation (21) above.  Effects were further separated by the 
context in which the mutation was made, in the WT protein or a single variant.  Only rate changes between 
a single and double mutation could be considered since data were not able to be collected for the LU 
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process in the WT protein.  From this analysis, the two mutation sites have different effects on the folding 
and unfolding rates as seen in Table 4-3.  Stabilization of the LU conformation can occur because of 
reductions in the folding rate, increases in the unfolding rate, or a combination of both.  The V135G 
mutation stabilizes the LU state increasing the unfolding rate by 12-fold and decreasing the folding rate by 
30-fold.  On the other hand, the V142G mutation increases both rates and stabilizes the LU state through 
the unfolding rate only.  Cooperativity between the mutation sites could be a reason for the differential 
effects that mutations have on the rates of exchange.  However, without the WT exchange rates the effects 
of single mutations on their own cannot be determined and therefore cooperative between multiple 
mutations cannot be assessed.  Another reason for the different actions of the mutations could be due to 
effects on the local sequence, such as nearby prolines, and partial packing of side chains of mutated valines. 
4.5 Conclusions 
The V135G variant is in slow exchange between the native and LU conformations.  Despite being 
in slow exchange analytical models cannot fit the ZZ exchange data.  RD data verify that slow exchange is 
occurring on the order of 20 s-1.  The disagreement between van’t Hoff enthalpies from NMR data and 
previous calorimetric values and the loss in folded peak intensity at low temperatures provides strong 
evidence for multi-state exchange.  A three-state exchange model with a single native state and two, 
structurally identical unfolded states with different rates of exchange is most consistent with the data.  In 
accordance with this model both V142G and V135G/V142G show evidence of slow exchange pairs in 
addition to the measured fast-exchange process.  The intermediate-to-fast exchange process is on the order 
of 300-400 s-1, in accordance with estimates based on contact order, and the slow process occurs at 20  s-1.  
Current data are insufficient to definitively characterize this process.  Regardless, this study shows the 
complexity of a process as simple as the unfolding of a single domain of 60 residues and that entropy-
enhancing mutations can illuminate processes that are otherwise unobservable.  These mutations may prove 







Figure 4.1 V135G ZZ Exchange Rate Estimation 
ZZ exchange data collected at 22 C, a pH of 7.0, and 18.8 T were not able to be fit 
with a 2-state exchange model.  Under these conditions the observed equilibrium 
constant (N/LU) is 0.4.  The fits above are to cross peak intensities only.  Data are 





Figure 4.2 V135G ZZ Polynomial Fits 
Estimates of exchange rates can be made using the linear portion of cross peak 
buildup curves. Shown above are 3rd order polynomial fits to the first 5 data points 
of cross peak buildup curves for ZZ exchange data collected at 22 C, a pH of 7.0, 
and 18.8 T.  The linear portion of these fits were used as estimates of exchange 





Figure 4.3 V135G Folded RD Curves 
CPMG curves from the folded set of slow exchange peaks from the V135G variant 
show definite signs of exchange (points) and reasonable fits to the TSMFK01 slow 







Figure 4.4 V135G FF TSMFK01 Fit Parameters 
A. The reduced 2 values from fits of the TSMFK01 analytical model to CPMG 
data from the folded set of slow exchange peaks (shown in Figure 4.3) in the 
V135G variant show generally good fits for residues that have an estimated Rex of 
at least 1 s-1.  B.  Unfolding rates cluster about the median of 19.11 s-1 for residues 
in the LID (green).  C. 15N chemical shift differences are largest within the LID 
domain.  Errors are derived from Monte Carlo simulations in all cases and the 






Figure 4.5 V135G Unfolded RD Curves 
CPMG curves from the locally unfolded set of slow exchange peaks in the V135G 
variant show definite signs of exchange (points) and the TSMFK01 slow exchange 
model (lines) fits the data well.  Data were collected at 22 C and 14.1 (blue) and 






Figure 4.6 V135G UU TSMFK01 Fit Parameters 
A. The reduced 2 values from fits of the TSMFK01 analytical model to CPMG 
data from the unfolded set of slow exchange peaks (shown in Figure 4.5) in the 
V135G variant show excellent fits for residues that have an estimated Rex of at 
least 1 s-1.  B.  Within the LID domain the folding rates cluster about the median of 
4.92 s-1.  C. 15N chemical shift differences are largest within the LID domain.  
Errors are derived from Monte Carlo simulations in all cases and the green region 





Figure 4.7 V135G ∂fit and 2 Compare 
A. Measured and fitted chemical shift differences correlate well for both the folded 
and LU sets of data but both deviate from the diagonal at higher measured values.  B. 
The LU fits are equally good across a large range of chemical shift differences 
whereas the folded fits are increasingly worse at larger shift differences.  These data 
are consistent with a contribution of an additional exchange process that primarily 






Figure 4.8 V135G ZZ/RD Rate Comparison 
V135G folding and unfolding rates, in red and blue, respectively, of exchange 
determined from polynomial fits to the crosspeak buildup curves of the ZZ exchange 
data (Figure 4.2) shown as stars and those determined from fits to RD data using the 
TSMFK01 model in circles showing similar trends in the rates determined by both 
methods.  Estimated ZZ exchange rates are systematically lower than those 





Figure 4.9 Evidence of Slow Exchange in V135G 
A.  1H-15N ZZ exchange spectrum highlighting E152 with V142G in blue, 
V135G/V142G in red, and V135G in magenta showing peak intensity at folded, 
LU, and cross peak positions.  B. Modulation of peak intensity with temperature 
for the folded (top) and unfolded (bottom) peaks of E152 in the V135G variant.  
Data were collected at 10, 15, 19, 22, and 25 C at 18.8 T and a pH of 7.0 and 






Figure 4.10 V135G Nonlinear Temperature Profiles 
Intensity versus temperature profiles for slow exchange residues in V135G that 
have well dispersed peaks in both conformations.  Folded peak intensity is 
diminished non-linearly at low temperatures while the unfolded peak intensity 






Figure 4.11 V135G LID  van't Hoff Enthalpy 
A. van’t Hoff enthalpies calculated from slow exchange peaks in TROSY HSQC 
spectra collected at 19, 22, and 25 C.  The green box indicates LID domain 
residues and grey dashed line represents the calorimetric value obtained previously 
by DSC.  B. Corresponding melting temperatures from the van’t Hoff analysis.  







Figure 4.12 AK Variant Cycle 
Thermodynamic cycle of AK variants in this study with the fold change in folding 
and unfolding rates depicted individually by the  terms.  Astersisks distinguish fold 







Figure 4.13 V142G Slow Exchange Overlay 
Overlay of TROSY HSQC spectra from V142G (blue) and V135G/V142G (red) 
collected at 19C.  Circled and labeled peaks highlight assigned LID residues in 







Figure 4.14 V135GV142G Slow Exchange Overlay 
Overlay of TROSY HSQC spectra from V135G/V142G at 19C (red) and at 1C 
(purple).  Circled and labeled peaks observable at 1C overlay with native peak 
positions in the V142G and V135G variants and highlight evidence of slow 






Figure 4.15 Slow Exchange Rate Limits 
Convalescence rates calculated from measured ∆∂ values in the V135G variant at 
both 600 and 800 MHz field strengths as blue and red lines, respectively.  The rate 
constants from RD data analysis for V142G and V135G/V142G are plotted as points 







Table 4-1 V135G UU TSMFK01 CPMG Fit Parameters 
Parameters presented in Figure 4.6 from fits to CPMG data from the unfolded set of 






Table 4-2 V135G FF TSMFK01 CPMG Fit Parameters 
Parameters presented in Figure 4.4 from fits to CPMG data from the folded set of 






Table 4-3 2-state Mutational Effects 





Table 4-4 2-state Exchange Rates 





Chapter 5 - Conclusion 
 With both structural and dynamic NMR experiments, this thesis has unequivocally 
verified that the LID domain of AK accesses a locally-unfolded intermediate conformation.  By making 
entropy-enhancing, glycine mutations at surface-exposed residues this lab previously discovered this state 
in AK, however, it was not directly verified.  The LU state is also functionally relevant as its population 
can modulate the observed binding affinity of the enzyme.  Intermediate states in other proteins have been 
shown to be functionally important, however, most studies of intermediates have focused on structured 
states.  The focus on structured intermediate states has been driven by reliance on crystallographic 
structures that can be visually inspected.  These structures provide easily interpretable points of reference 
for the native and intermediate conformations and interpolations between structures are commonly used to 
describe how conformational changes occur.  Structured intermediates are generally targeted by traditional 
mutations in the interior of the protein but interpretation of this mutational strategy is complicated since 
these mutations can also change the structures of the ground state and break interactions with other regions 
of the protein.  Furthermore, structured states are not the only type of intermediates.  The full 
conformational landscape and the contribution of intermediate states to function cannot be addressed 
without exploring additional kinds of intermediates.  
The use of x-ray crystallography to identify intermediates necessarily restricts experimental focus 
to structured states and reliance on this technique can leave out other potentially important intermediates.  
Furthermore, mutation strategies that target unique structural intermediates leave other types of 
intermediates unexplored.  Identifying and manipulating unfolded intermediates is more difficult because 
they lack a unique structure.  Therefore, these states cannot be identified by crystallography and are 
generally unobservable by any technique given their low equilibrium populations.  Traditional mutations 
that stabilize intermediate structures are not applicable in this case because there is no structure to stabilize.  
At best these mutations can be used to shift the equilibrium towards intermediate states by destabilizing the 
native state.  However, an underappreciated feature of unfolded states is their degeneracy of conformations, 
i.e. many different conformations making up the unfolded state.  This feature can be exploited by 
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increasing the number of unfolded conformations and shifting the equilibrium to favor unfolded states.  The 
glycine mutation scheme used here targets the degeneracy of unfolded states by increasing the 
conformational entropy of the protein backbone.  An added benefit of entropy-enhancing mutations is that 
the structure and stability of the native state remain largely unchanged, which simplifies interpretation of 
the results. 
The available techniques to characterize unfolded states are limited due to the difficulties stated 
above.  NMR is one of the few techniques available that can structurally characterize unfolding and provide 
information on a per-residue basis.  Furthermore, NMR has the ability to directly interrogate conformation 
dynamics in proteins between different states.  This is even possible for lowly-populated states, which is 
ideal for studying high-energy intermediates.  Direct characterization of the LU intermediate in AK has 
become possible by combining NMR experiments with entropy-enhancing mutations that invert the 
equilibrium populations between the native and LU states.  This has allowed chemical shift differences in 
HSQC spectra to be directly measured between the native and LU states in V142G and V135G/V142G, 
respectively.  The chemical shift differences demonstrate a large structural rearrangement restricted to the 
LID domain with LID peaks collapsing from well-dispersed regions into the center of the amide proton 
spectrum.  This result directly demonstrates a clear shift in population from a folded, native structure to a 
state with a locally-unfolded LID domain.  Verified slow exchange pairs between the same two 
conformations in V135G provided further evidence that all variants access the same conformational 
transition. 
Additionally, relaxation dispersion (RD) NMR experiments were used to investigate 
conformational dynamics between observed states and unobservable, lowly-populated states.  These 
experiments also provide information about the populations, rates of exchange, and chemical shift 
differences between the exchanging states.  However, a limitation of these experiments has been an 
inability to verify the structural differences between the observed and inferred states in all but a limited 
number of cases.  The ability to invert the equilibrium from the folded, native state in V142G to the LU 
intermediate state in V135G/V142G has allowed investigation of the local unfolding conformational 
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transition using RD experiments from both sides of the equilibrium.  The fact that the chemical shift 
differences from RD fits for both of these variants match one another provides strong evidence that both 
variant undergo the same conformational transition.  More importantly, the agreement in chemical shift 
differences between RD fit parameters and directly measured quantities truly verifies these measurements.  
This has only been possible by rationally modulating the equilibrium populations with entropy-enhancing 
mutations. 
The fact that the LU state is accessible in the native conformational landscape of AK and is 
functionally relevant requires a reassessment of the accepted mechanism for the function of this protein.  
The equilibrium populations between the open and closed states identified in crystal structures have been 
hypothesized by many as the main determinant of binding affinity in AK.  As previous results in the lab 
have shown, this obviously not the case since the observed binding affinity can be modulated by the 
population of the LU state. Mutations have been made that modulate the equilibrium populations between 
the open and closed conformations of AK based on specific interactions observed in crystal structures.  
However, mutations that promote LID opening also break interactions with the AMPbd.  Therefore, it is not 
clear if the LID domain is solely responsible for the observed behavior.  Even more interesting is that single 
mutations in the LID domain that substantially increase the LU population yet have no effect on the 
catalytic rate of the enzyme.  This result brings into question the hypothesis that opening of the LID domain 
determines the rate-limiting step of the enzymatic reaction.  Experiments investigating local unfolding have 
not been able to measure opening and closing of the LID and AMPbd therefore this hypothesis cannot be 
directly tested.  However, LID opening and local unfolding would have to be totally decoupled for this 
hypothesis to be true.  Either unfolding has no effect on the opening rate of the LID or this hypothesis is 
false.  Studies focusing on LID opening generally have not considered LID unfolding, however, a recent 
paper investigating urea induced enzymatic activation of AK required a three-state model including the LU 
intermediate to explain the data.115 
The use of entropy-enhancing mutations that can rationally modulate the equilibrium populations 
of unfolded conformations opens the door to exploration of this understudied class of intermediate.  As 
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stated above partially unfolded conformations are not likely to be identified using common techniques and 
traditional mutation strategies.  Cases such as this study where unfolded intermediates have been identified 
have been through deliberate probing of the unfolded ensemble of conformations.  The specific 
characteristics of unfolded intermediates and the dearth of studies specifically probing partially unfolded 
states leaves gaps in our understanding about the prevalence of local disorder and the role that disorder 
plays in function.  This lab has pioneered a strategy to stabilize locally-unfolded intermediates while 
maintaining the original ground-state structure that allows exploration of a region of conformational space 
that is rarely investigated.  Furthermore, the hypothesis that local unfolding contributes to conformational 
fluctuations between structured states suggests that local unfolding may be more widespread than 
previously thought. This hypothesis can be directly tested using entropy-enhancing mutations.  
Investigations of intermediate states have been confined to conformations that can be seen, resulting in a 
streetlight effect where only structural intermediates are explored.  Analogously, we have developed a 
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